Background: Hepatocellular carcinoma (HCC) is an aggressive malignant disease with poor prognosis. Recent advances suggest the existence of cancer stem cells (CSCs) within liver cancer, which are considered to be responsible for tumor relapse, metastasis, and chemoresistance. However, novel therapeutic approaches for eradicating CSCs are yet to be established. Here, we aimed to identify the role of glutaminase 1 (GLS1) in stemness, and the feasibility that GLS1 serves as a therapeutic target for elimination CSCs as well as the possible mechanism. Methods: Publicly-available data from the Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) was mined to unearth the association between GLS1 and stemness phenotype. Using big data, human tissues and multiple cell lines, we gained a general picture of GLS1 expression in HCC progression. We generated stable cell lines by lentiviral-mediated overexpression or CRISPR/Cas9-based knockout. Sphere formation assays and colony formation assays were employed to analyze the relationship between GLS1 and stemness. A series of bioinformatics analyses and molecular experiments including qRT-PCR, immunoblotting, flow cytometry, and immunofluorescence were employed to investigate the role of GLS1 in regulating stemness in vitro and in vivo. Findings: We observed GLS1 (both KGA and GAC isoform) is highly expressed in HCC, and that high expression of GAC predicts a poor prognosis. GLS1 is exclusively expressed in the mitochondrial matrix. Upregulation of GLS1 is positively associated with advanced clinicopathological features and stemness phenotype. Targeting GLS1 reduced the expression of stemness-related genes and suppressed CSC properties in vitro. We further found GLS1 regulates stemness properties via ROS/Wnt/β-catenin signaling and that GLS1 knockout inhibits tumorigenicity in vivo. Interpretation: Targeting GLS1 attenuates stemness properties in HCC by increasing ROS accumulation and suppressing Wnt/β-catenin pathway, which implied that GLS1 could serve as a therapeutic target for elimination of CSCs.
Targeting glutaminase 1 attenuates stemness properties in hepatocellular carcinoma by increasing reactive oxygen species and suppressing Wnt/beta-catenin pathway 
Introduction
Hepatocellular carcinoma (HCC) is one of the most aggressive cancers with a poor prognosis [1] . Recently, there is emerging evidence to reveal the presence of liver cancer stem cells (CSCs) within liver cancer [2] [3] [4] . The progression of HCC involves the gradual loss of differentiated phenotypes and acquisition of stemness properties [5] . Stemness of cancer cells is largely responsible for tumor recurrence, metastasis, and chemoresistance, which is the major hurdles for tumor treatment [6, 7] , but finding effective measures to eradicate CSCs remains a major challenge. Determining the metabolic features of CSCs might therefore discover clinical targets and provide opportunities for more effective therapies.
Glutamine is an abundant and versatile nutrient that participates in energy formation, macromolecular synthesis, signaling, and provides NADPH (nicotinamide adenine dinucleotide phosphate) and GSH (glutathione) to maintain redox homeostasis [8] . Glutaminolysis begins with its conversion to glutamate catalyzed by the glutaminases (GLS), which exist as two isozymes in mammalian cells named GLS1 and GLS2 [9] . Through alternative splicing, GLS1 mRNA can give rise to two isoforms that differ only in their C-terminal regions, with the longer form named KGA and the shorter form being called GAC [10] . It was reported that GLS1 functions as a tumor promotor in many cancer types, while GLS2 seems to act as a tumor suppressor [11, 12] . In our previous studies, we found the expression of GLS2 was switched to GLS1 during hepatic malignant progression towards HCC, and that GLS1 contributed to the migration and invasion of HCC cells [13, 14] . GLS1 regulates antioxidant defense function in cells by increasing GSH levels and decreasing reactive oxygen species (ROS) levels, which in turn protects cells from oxidative stress. Silencing GLS1 expression or inhibiting GLS1 activity perturbed the redox homeostasis of cancer cells [15] [16] [17] .
Hyperactivation of Wnt/β-catenin signaling pathway has been identified as one of the most frequent events occurring in CSCs [18] . Activation of the pathway leads to stabilization and nuclear translocation of β-catenin and eventually transcriptional upregulation of target genes [19] . Notably, the Wnt/β-catenin pathway is heavily implicated in liver CSCs [20, 21] .
Although there is so far no consensus on the metabolic phenotype of CSCs [22] , it is widely accepted that low amounts of ROS were critical for maintaining the characteristics of CSCs. Increasing evidence now suggests the tight control of mitochondrial ROS production in CSCs is a prerequisite for maintaining their stemness and high fidelity [23] [24] [25] . Enlightened by the concept "ROS kill CSCs" and the pivotal role of GLS1 in ROS defense, we speculated that targeting GLS1 might attenuate stem cell-like properties.
In this report, we provide evidence that both KGA and GAC isoforms are exclusively located in the mitochondria matrix and upregulated in HCC. By a series of bioinformatics analyses and functional assays, we demonstrated that GLS1 expression is positively associated with stemness phenotype in HCC and that targeting GLS1 inhibits CSC markers expression and stem-like properties in vitro and in vivo. Mechanistically, glutamine deprivation or GLS1 inhibition leads to an increased accumulation of ROS, which suppresses the translocation of β-catenin from the cytoplasm to the nucleus and consequently decreases the expression of stemness-related genes.
Materials and methods

Clinical samples
The paired tumor and adjacent non-tumor tissues used in this study were collected under the permissions of patients with HCC undergoing partial hepatectomy in the Department of Hepatobiliary Surgery of Drum Tower Hospital. Informed consent was obtained from all patients. All experimental protocols were approved by the research ethics committee of Drum Tower hospital and research ethics approval for this project was granted from the same institution.
Cell culture and reagents
The human HCC cell line HCCLM3 and mouse HCC cell line H22 were obtained from the China Center for Type Culture Collection, and the human HCC cell line MHCC97H, HepG2 and mouse HCC cell line Hepa1-6 were obtained from the Cell Bank of Type Culture Collection Chinese Academy of Sciences. The human cell lines LO2, HuH-7, Hep3B, SMMC-7721, HepG2/2.2.15, PLC/PRF/5, MHCC97L, BEL7402 and BEL7404 were provided by Dr. Yong Yang (China Pharmaceutical University, Nanjing, China). HCCLM3, HuH-7, Hep3B, SMMC-7721, HepG2/2.2.15, BEL7402, BEL7404, MHCC97H, HepG2, and mouse HCC cell line Hepa1-6 were cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/ml streptomycin (all from ThermoFisher, NY, USA), while the normal human hepatic cell line LO2 and the human HCC cell lines PLC/PRF/5, MHCC97L and the mouse HCC cell line H22 were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and antibiotics. Cells were maintained at 37°C in a humidified atmosphere with 5% CO 2 . All cell lines were routinely tested for mycoplasma negativity and maintained in culture for a maximum of 20 passages (two months). The compound 968 (#352010) was purchased from Millipore (MA, USA). SKL2001 (#S8320) and BPTES (#S7753) were purchased from Selleck (Shanghai, China). The DMEM without glutamine (#11960044) was purchased from ThermoFisher. The N-Acetyl-L-cysteine(NAC, #A9165), Dimethyl 2-oxoglutarate (DM-α-KG, #349631), and Digitonin (#D141) were obtained from Sigma-Aldrich (MO, USA).
Lentiviral infection
The lentivirus carrying KGA or GAC isoform or CRISPR/Cas9 virus vector targeting GLS1 were purchased from GeneChem (Shanghai, China). A triple FLAG-tag was engineered at the carboxyl terminus of KGA and GAC construct. Lentiviruses-carrying overexpression or knockout elements were used to infect the LO2, HCCLM3, Hep3B, and SMMC-7721 according to the manufacturer's protocol. The infected cells were selected with puromycin treatment.
Research in context
Evidence before this study Glutaminase 1 (GLS1), which converts glutamine to glutamate, plays a key role in cancer cell metabolism, growth, and proliferation. Previous studies have described that GLS1 was upregulated in HCC. Inhibition of GLS1 reduces the proliferation rate, suppresses epithelial-mesenchymal transition (EMT) process in vitro, slows down the tumor growth in several types of cancer cell xenografts, and diminishes cell-autonomous tumorigenesis in vivo. GLS1 is being explored as a cancer therapeutic target. Clinical trials of the GLS1 inhibitors in leukemia and solid tumors are ongoing. Cancer stem cells (CSCs) are largely responsible for tumor recurrence and metastasis. However, the role of GLS1 in CSCs was not yet determined in hepatocellular carcinoma (HCC).
Added value of this study
We demonstrated that both KGA and GAC (two splice forms of GLS1) were mitochondrial matrix protein and upregulated in HCC. GAC isoform predicts a poor prognosis. High expression of GLS1 is associated with stemness phenotype and advanced clinicopathological features in HCC. Moreover, GLS1 is highly expressed in liver CSCs, and targeting glutamine metabolism or GLS1 suppresses CSC properties. Wnt/β-catenin pathway promotes GLS1 expression, and GLS1 regulates stemness properties in HCC via ROS/Wnt/β-catenin signaling. Targeting GLS1 inhibits tumorigenicity in vivo of HCC cell xenografts.
Implications of all the available evidence
This study has provided evidence that targeting GLS1 attenuates stemness properties in HCC by increasing ROS and suppressing Wnt/β-catenin pathway. Thus, GLS1 served as a therapeutic target for elimination of CSCs.
Sphere formation and colony formation assay
For sphere formation assay, 1000 cells were seeded in Ultra Low Attachment 6-well plates and cultured in DMEM/F12 supplemented with B27, N-2, 20 ng/ml EGF and 20 ng/ml bFGF (all from ThermoFisher). The cell spheres were incubated for two weeks and then examined under a light microscope. For colony formation assay, HCC cells were seeded in twelve-well plates at a density of 500 cells per well and cultured at 37°C for 1-2 weeks. At the end of the incubation, colonies were stained with crystal violet solution (containing 0.1% crystal violet, 20% methanol, and 80% phosphate buffered saline) for 30 min. Wells were rinsed with water followed by air drying and the colonies were counted. Each measurement was performed in triplicate.
Western blot
Total proteins were isolated using RIPA lysis buffer (#P0013C, Beyotime Biotechnology, Shanghai, China) and qualified by BCA detecting kit (#P0012, Beyotime Biotechnology) following the manufacturer's protocol. Equal amounts of protein were separated by SDS-PAGE and electrophoretically transferred onto a PVDF membrane (#03010040001, Roche), then blocked with 5% nonfat milk in Trisbuffered saline for one hour at room temperature. The membrane was incubated with specific primary antibodies at 4°C overnight, followed by incubation with appropriate horseradish peroxidase-conjugated secondary antibodies for one hour at room temperature. Signals were detected using an enhanced chemiluminescence reagent (#WBKLS0500, Millipore, MA, USA) and subjected to a Chemiluminescent detection system (ChampChemi 610, Sage Creation Science, Beijing, China). The primary antibodies used were: anti-GLS1 (#ab156876, 1:1000, Abcam), anti-c-MYC (#ab32072, 1:1000, Abcam), anti-KLF4 (#ab215036, 1:1000, Abcam), anti-GAPDH (#ab32072, 1:1000, Santa Cruz Biotechnology), anti-FLAG (#F1804, 1:1000, Sigma-Aldrich), anti-VDAC1 (#10866-1-AP, 1:1000, Proteintech), anti-KGA (#20170-1-AP, 1:1000, Proteintech), anti-GAC (#19958-1-AP, 1:1000, Proteintech), anti-OCT4 (#2750, 1:1000, Cell Signaling Technology), anti-SOX2 (#11064-1-AP, 1:1000, Proteintech), anti-β-Catenin (#8480, 1:1000, Cell Signaling Technology), anti-NANOG (#14295-1-AP, 1:1000, Proteintech), anti-Vinculin (#26520-1-AP, 1:1000, Proteintech), and anti-Lamin B1 (#12987-1-AP, 1:1000, Proteintech).
Immunohistochemistry (IHC)
Immunohistochemistry was performed as previously described 13 .
Briefly, specimens were paraffin-embedded. Serial 4 μm sections were cut, deparaffinized, blocked, and incubated at 4°C overnight with the primary antibody, followed by horseradish peroxidase-labeled secondary antibody. The primary antibodies used in this study were: rabbit polyclonal antibody to KGA (#20170-1-AP, 1:800, Proteintech), and rabbit polyclonal antibody to GAC (#19958-1-AP, 1:500, Proteintech).
RNA isolation and quantitative real-time PCR
Total RNA of cells was extracted by TRIZOL (#15596-026, ThermoFisher), and was reverse-transcribed using PrimeScriptTM RT Master Mix (#DRR036A, Takara, Shiga, Japan). Quantitative real-time PCR was performed using FastStart Universal SYBR® Green Master (#04913914001, Roche) on the Real-Time PCR system (Applied Biosystems ViiA™ 7 Real-Time PCR System, Foster, CA, USA). The relative expression was normalized to β-actin by the 2 -ΔΔCt method. The primer sequences are listed in Table S1 .
Mitochondrial isolation and nuclear-cytoplasmic fractionation
Mitochondria were isolated using a Cell Mitochondria Isolation Kit (#C3601, Beyotime Biotechnology, Shanghai, China) according to the manufacturer's instructions. VDAC1 was treated as a mitochondria control. Nuclear/cytoplasmic fractionation was conducted by the Nucleoprotein Extraction Kit (#C500009, Sangon, Shanghai, China) according to the manufacturer's protocols.
Flow cytometry analysis
Trypsin digested cells were washed with PBS, followed by incubation with antibodies. The anti-CD13 (#12-0138-41) and isotype (#12-4714-81) antibodies were obtained from eBioscience (ThermoFisher). Samples were subjected to a flow cytometer (FACSCalibur, BD Biosciences) and data were analyzed by a FlowJo software (Version 7.6.5).
Confocal immunofluorescence
The cells were cultured in glass coverslip bottomed chambers (#154526, ThermoFisher) to 50-80% confluence. After washed with PBS for three times, cells were stained with MitoTracker Red (#M7512, Invitrogen) at a concentration of 100 nM for 20 min at 37°C
. The cells were rinsed with PBS twice, fixed with 4% paraformaldehyde at 25°C for 10 min, and permeabilized with 1% Triton X-100 or digitonin (50 mg/ml) in PBS at 25°C for 15 min. Triton X-100 (1%) permeabilizes both the outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM), but digitonin (50 mg/ml) permeabilizes only the OMM. Triton X-100 permeabilization is required to detect mitochondrial matrix proteins by immunofluorescence, whereas digitonin permeabilization cannot detect the signal [26] .
After washing with PBS, the cells were incubated with primary antibody at 4°C overnight. The primary antibody used were: anti-GLS1 (#ab156876, 1:100, Abcam), anti-TOM20 (#11802-1-AP, 1:100, Proteintech), anti-HSP60 (#15282-1-AP, 1:100, Proteintech), anti-β-Catenin (#51067-2-AP, 1:100, Proteintech) and anti-FLAG (#F1804, 1:100, Sigma). Cells were washed with PBS three times and incubated with a fluorescent dye-conjugated secondary antibody at room temperature for 1 h. After washed with PBS, cells were stained with DAPI or Hoechst 33342 for 10 min. Then, cells were observed under FLUOVIEW FV10i confocal microscope (Olympus, Tokyo, Japan) and images were analyzed using FV10-ASW 4.0 Viewer (Olympus).
ROS generation detection
Intracellular ROS accumulation was determined by a ROS assay kit (#S0033, Beyotime Biotechnology) that utilizes DCFH-DA as a fluorescent probe. After drug treatments, cells were incubated with 10 μM DCFH-DA for 20 min at 37°C and then were washed with DMEM for three times. Then the DCF fluorescence distribution was detected by flow cytometry or confocal microscopy.
Metabolomic analysis
HCCLM3 cells were treated with 5 μM 968 for two weeks, then subjected to an LC-MS/MS spectrometer analysis to determine the metabolic changes. The cell protein's extraction, separation, and identification were performed in Shanghai Applied Protein Technology (Shanghai, China).
Animal studies
Male BALB/c nude mice (6 weeks old) were obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). All experimental procedures using animals were in accordance with the guidelines provided by the Animal Ethics Committee of the Affiliated Drum Tower Hospital of Medical School of Nanjing University. HCCLM3 or SMMC-7721 cells with stable GLS1 knockout (GLS1 KO) or the corresponding blank vector (WT) were subcutaneously injected into each flank of the nude mice. Tumor growth was determined by measuring the short and long diameter of the tumor with a caliper every three days. 5-6 weeks after injection, the mice were sacrificed. Tumor volume was calculated according to the formula volume = (width 2 × length)/2.
Bioinformatics analysis
The RNA-seq and clinical data of different cancer categories (up to Jan 28, 2016) were retrieved from the TCGA database (https://gdc. cancer.gov). The microarray datasets (GSE36133, GSE25097, GSE62044, and GSE66529) were downloaded from the GEO (http:// www.ncbi.nlm.nih.gov/geo/). Three previously reported stemnessrelated gene sets were downloaded from the Molecular Signatures Database (MSigDB) including "WONG EMBRYONIC STEM CELL CORE" (abbreviated as WONG CORE) [27] , "YAMASHITA LIVER CANCER STEM CELL UP" (abbreviated as YAMASHITA UP) and "YAMASHITA LIVER CANCER STEM CELL DN" (abbreviated as YAMASHITA DN) [28] . Unsupervised consensus clustering analysis was carried out to discover different clusters with varying stemness as previously described [29] . Briefly, ConsensusClusterPlus was utilized to identify robust clusters. K-mean approach with the Euclidean distance we used to perform consensus clustering. The procedure was run 1000 iterations with maxK = 6, and a sub-sampling ratio of 0. 
Statistical analysis
The quantitative data were analyzed with Student's t-test or MannWhitney U test. The paired t-test or Wilcoxon signed-rank test were used for paired samples to make a statistical comparison between groups. The count data were analyzed with Pearson Chi-Square. The Kruskal-Wallis test or Mann-Whitney U test was used for ranked data as appropriate. The repeated measures ANOVA was used to compare the difference of the tumor volume in different groups. Survival curves were estimated by the Kaplan-Meier method. The log-rank test was used to determine the statistical differences between survival curves. All testing was carried out using Prism 6.0 (GraphPad, San Diego, USA) or SPSS (Version 23.0, Chicago, USA) or R (Version 3.4.0, Auckland, NZ). The two-sided p-value b .05 was defined as statistically significant for all statistical analyses. The data were plotted as mean ± standard deviation (SD).
Results
3.1.
The mitochondrial matrix protein GLS1 (both KGA and GAC) is highly expressed in HCC, and GAC predicts a poor prognosis Both our previous study and results from other group have demonstrated that GLS1 expression was markedly increased in HCC samples [13, 16] . To gain a systematical expression profile of GLS1, we analyzed its expression pattern across cancers based on TCGA datasets. GLS1 was constitutively highly expressed in kidney and was significantly upregulated in bile ducts, colon, esophageal, head and neck, liver, stomach, and thyroid cancers (Fig. 1a) . We tested the expression level of GLS1 in HCC with 20 pairs of clinical tissues. GLS1 was highly expressed in most HCC tissues, as compared with the peri-tumor tissues (Fig. 1b, Fig. S1a ). We also found that GLS1 was elevated in most HCC cell lines (Fig. 1c-d) .
The GLS1 antibody recognized two or more bands (Fig. 1c, Fig. S1b ). We clarified the bands with isoform-specific antibodies: GAC (58 kDa) and KGA (65 kDa) (Fig. S1c) . We calculated the GAC/KGA ratio among HCC cell lines. GAC was found to be the predominant isoform in HCC cell lines (Fig. 1e) . Both KGA and GAC isoforms are upregulated in our clinical tissues (Fig. 1f) , and a microarray dataset downloaded from GEO (GSE25097; Fig. S1d-e) . IHC staining with isoform-specific antibodies further validated that both KGA and GAC protein levels are increased in HCC (Fig. S1f) . In a recent study, a negative correlation between KGA and GAC was reported in colon cancer 31 . However, we obtained significant direct associations between KGA and GAC mRNA expression in nontumor tissue and HCC tissues from our clinical samples and the two microarray datasets (GEO: GSE62044, GSE25097; Fig. S2a-d) . High expression levels of GAC mRNA, but not KGA isoform indicated a poor prognosis of HCC based on TCGA dataset (Fig. 1g,  Fig. S2e) .
The subcellular localization of GLS1 isoform was controversial [11] . It was reported that GAC is the only isoform present in the mitochondria, while KGA is localized in the cytosol [32] . We performed immunofluorescence with GLS1 antibody in HCCLM3 and SMMC-7721 cell lines and observed that GLS1 was located in the mitochondria (Fig. S2f) . Furthermore, we established stable cell lines overexpressing KGA or GAC with FLAG-tag at their C termini by lentiviral (Fig. 1h) . Immunofluorescence with FLAG-tag antibody further confirmed that both KGA and GAC isoforms are present in the mitochondria (Fig. 1i) . We then fractionated cell lysates into their nuclear, cytoplasmic, and mitochondrial compartments and blotted with GLS1 or isoform-specific antibodies. Western blot showed that both KGA and GAC are exclusively expressed in the mitochondria (Fig. 1j-k) .
To further determine the submitochondrial location of GLS1, we immunostained HCCLM3 cells with distinct permeabilization methods (See Methods). Tom20 (an OMM protein) and HSP60 (a matrix protein) were clearly recognized by their respective antibodies after permeabilization with Triton X-100. Meanwhile, permeabilization with digitonin was insufficient to allow detection of the matrix protein HSP60. Anti-GLS1 immunoreactivity was absent from cells after permeabilization with digitonin, but became detectable following Triton X-100 permeabilization (Fig. 1l) . This observation demonstrated that GLS1 is a mitochondrial matrix protein, and that glutaminolysis of HCC cells occurs exclusively within the mitochondrial matrix.
High expression of GLS1 is associated with stemness phenotype and advanced clinicopathological features in HCC
It has been reported that glutamine plays a significant role in maintaining the stemness of lung cancer [33] , and that inhibiting GLS1 suppresses stemness properties in head and neck squamous carcinoma [34] . To investigate the association between GLS1 and stemness phenotype in HCC, we downloaded three well-established gene sets related to stemness from the MSigDB and performed consensus clustering in HCC patients from TCGA dataset (See Methods). The YAMASHITA UP gene set includes genes upregulated in liver CSCs, which is positively correlated with stemness phenotype of HCC, whereas the YAMASHITA DN gene set is the opposite. Unsupervised K-means consensus clustering with the YAMASHITA UP gene set recognized three stable subgroups with increasing stemness (Fig. 2a, Fig. S3a ). High expression of stemness genes was associated with a poor clinical outcome (Fig. 2b) and an increased expression of GLS1 (Fig. 2c) . Similar results were also obtained from the YAMASHITA DN gene set. Consensus clustering generated three clusters with varying stemness (Fig. 2d, Fig. S3b) . Patients with the highest stemness had the worst prognosis (Fig. 2e) and the highest expression of GLS1 (Fig. 2f) . We then calculated the average gene expression of the aforementioned gene sets and analyzed their correlations with GLS1. GLS1 is positively associated with the YAMASHITA UP gene set (Fig. S3c) , but negatively correlated to the YAMASHITA DN gene set (Fig. S3d) . We further validated the results with the WONG CORE gene set which consists of the genes upregulated in embryonic stem cells. In agreement, high stemness was associated with poor survival and high expression of GLS1 (Fig. S4a-d) . Taken together, these data indicated that GLS1 is associated with stemness phenotype of HCC. We further explored the associations between the expression levels of GLS1 or stemness-related genes and clinicopathological characteristics of HCC based on TCGA dataset ( Table 1 ). The high GLS1 expression is associated with higher AFP level (p = .001; Mann-Whitney U test), tumor weight (p = .02; Mann-Whitney U test), advanced histological stages (p = .012; Kruskal-Wallis test), T stage (p = .026; KruskalWallis test) and pathological stages (p = .049; Kruskal-Wallis test). Interestingly, we also found that patients with high GLS1 expression tended to be female (p = .001; Pearson Chi-Square), younger age (p = .008; Mann-Whitney U test) and low body weights (p b .0001; Mann-Whitney U test). Similarly, high expression of stemness-related genes (identified by YAMASHITA UP gene set in Fig. 2a) . These results demonstrated that upregulation of GLS1 or stemness-related genes was associated with advanced clinicopathological features of HCC.
GLS1 is highly expressed in liver CSCs, and targeting glutamine metabolism or GLS1 suppresses CSC properties
To explore the expression pattern of GLS1 in liver CSCs, we performed consensus clustering with 19 liver-specific CSC markers reviewed by Kouki et al. [35] . Four subgroups with increasing stemness were obtained, in which the expression of GLS1 gradually increased correspondingly ( Fig. 3a-b, Fig. S4e ). The expression levels of GLS1 was positively correlated with CD13 and CD133 in HCC samples (Fig. 3c-e) . In addition, GLS1 expression was significantly increased with advancing tumor grade, indicated high GLS1 expression was associated with dedifferentiation (Fig. 3f) . To validate this observation, we further analyzed the expression of GLS1 in differentiated and nondifferentiated HCC cell lines (GEO: GSE36133). GLS1 was significantly highly expressed in non-differentiated HCC cell lines (Fig. 3g) . We performed qRT-PCR to validate the correlations between the expression of GLS1 and CSC markers in HCC cell lines and identified that GLS1 was directly associated with most CSC markers (Fig. 3h) . KLF4 tended to be inversely correlated with other CSC markers possibly due to the limited sample size. We further analyzed GLS1 expression in CD13 
CD133
− cells (non-CSCs) in a microarray dataset (GEO: GSE66529), and found that GLS1 was highly expressed in liver CSCs (Fig. 3i) . We next tested the expression levels of GLS1 in oncosphere cells (Fig. 3j ). GLS1 together with multiple core stem cell genes (KFL4, NANOG, OCT4, SOX2, CD13, and CD44) were dramatically elevated in sphere cultures (Fig. 3k) . Overall, these data indicated that GLS1 is highly expressed in liver CSCs.
To determine the importance of glutamine metabolism on HCC cells, we cultured HCC cell lines (HCCLM3, SMMC-7721, and Hep3B) in the presence or absence of glutamine. Glutamine withdrawal inhibited the growth of HCC cell lines (Fig. 4a) and suppressed the expression of CSC markers in HCCLM3 (Fig. 4b) . We treated HCC cells with previously reported GLS1-specific inhibitor 968 [36] , and observed apparent inhibitory effects on the growth HCC cell lines (Fig. 4c) . Similarly, 968 treatment inhibited the expression of CSC markers (Fig. 4d) . We further employed a lentiviral-based CRISPR/Cas9 knockdown approach to suppress GLS1 expression in HCCLM3, SMMC-7721 and Hep3B HCC cells (Fig. 4e) . Upon silencing of GLS1, we observed a downregulation of well-characterized stemness markers including c-MYC, KLF4, NANOG, OCT4, SOX2, CD13, and CD133, as compared with wild-type (WT) control HCC cell lines (Fig. 4f-h) .
Furthermore, we suppressed the glutamine metabolism and analyzed the expression of CSC markers by Western blot. Deprivation of glutamine inhibited the expression of CSC markers including NANOG, OCT4, KLF4, SOX2, and c-MYC in HCCLM3 and SMMC-7721 cell lines (Fig. 5a) . Similarly, treatment HCC cell lines with GLS1 inhibitors (968 or BPTES) suppressed the expression of CSC markers (Fig. 5b) . Consistent with the above-mentioned results, withdrawal of glutamine or 968 treatment reduced the expression of CD13 as measured by flow cytometry ( Fig. 5c-d) . On the other hand, deprivation of glutamine or 968 treatment dramatically inhibited the colony formation ability of HCCLM3 and SMMC-7721 cell lines (Fig. 5e) . Knockout of GLS1 with CRISPR/Cas9 system markedly inhibited the colony formation in the aforementioned cells (Fig. 5f ). Treatment Hep3B cells with 968 impaired the sphere formation ability (Fig. 5g-h ). To explore which isoform was responsible for the stemness in HCC cell lines, we established stable cell lines overexpressing KGA or GAC, respectively. Overexpression of GAC rather than KGA increased the expression of CSC markers (Fig. 5i) and the colony formation ability (Fig. 5j-k) . Collectively, our data suggested that targeting glutamine metabolism or GLS1 suppresses CSC properties and GAC might play a more important role than KGA isoform.
3.4. Wnt/β-catenin pathway promotes GLS1 expression, and GLS1 regulates stemness properties in HCC via ROS/Wnt/β-catenin signaling
We next seek to further elucidate the molecular mechanism of GLS1 in regulating stemness. GLS1 is a mitochondrial matrix protein, which indicated GLS1 might exhibit its function not in a protein-protein interaction manner, but through its metabolic products. Since low ROS level was critical for maintaining stemness, we speculated that GLS1 might influence stemness through redox signaling. In addition, we noticed Glutamate-Cysteine Ligase Catalytic Subunit (GCLC), the first ratelimiting enzyme of glutathione synthesis, was highly expressed in CSCs (Fig. 3i) . Deprivation of glutamine or 968 treatment increased the intracellular ROS level as measured by both flow cytometry and immunofluorescence (Fig. 6a-b) . Consistently, GLS1 was negatively correlated with reactive oxygen species pathway (Fig. S5a) . Hydrogen peroxide (H 2 O 2 ), one form of ROS, markedly inhibited the clonogenic formation of HCCLM3 cells (Fig. 6c) and decreased the expression of CSC markers such as c-MYC and KLF4 (Fig. 6d) . Glutamate, the product of the GLS1 reaction, is a precursor of GSH which acts as the major cellular antioxidant. Glutamate is also the major source of α-ketoglutarate (α-KG), a TCA cycle intermediate participating in energy formation (Fig. 6e) . To further explore the metabolites responsible for the suppression of stemness properties by targeting GLS1, we performed a rescue experiment. Supplement of N-acetyl-L-cysteine (NAC), a ROS scavenger, rather than dimethyl α-ketoglutarate (DM-α-KG), a cell-permeable analog of α-KG, could rescue the colony formation of HCCLM3 cells under the glutamine deprivation or 968 treatment condition (Fig. 6f) . These data together suggested that GLS1 regulates stemness through redox balance. We also performed a metabolomics analysis to determine the metabolic changes responsible for GLS1 inhibition. The concentrations of metabolites such as adenosine, cytosine, uridine, and cytidine decreased, UMP and AMP, precursors for the synthesis of nucleotides, accumulated significantly in 968 treated cells, suggesting impairment of DNA synthesis (Fig. 6g, Table S2 ).
Previous studies have revealed Wnt/β-catenin signaling pathway plays a central role in maintaining the stemness of HCC [20, 21] . Consistent with that, we found increasing stemness accompanied high expression of Wnt/β-catenin pathway (Fig. S5b) , whereas decreasing stemness coupled with the low expression of Wnt/β-catenin pathway (Fig. S5c) . Considering that hydrogen peroxide inhibited the expression of both β-catenin and CSC markers (Fig. 6d) , we speculated that GLS1 might influence stemness through β-catenin. Thus, we further investigated the relationship between GLS1 and β-catenin. Firstly, we performed gene set enrichment analysis (GSEA) and correlation analysis to analyze the association of GLS1 and Wnt/β-catenin pathway. Both analyses revealed that GLS1 was significantly associated with Wnt/β-catenin pathway (Fig. 6h, Fig. S5d ). Secondly, we activated Wnt/β-catenin pathway with its agonist SKL2001 [37] and examined GLS1 levels. Both GLS1 mRNA and protein were upregulated after SKL2001 treatment (Fig. 6i-j, Fig. S7a ). Using the Wnt target gene list, we found that transcripts that were upregulated by Wnt/β-catenin pathway almost invariably correlated positively with GLS mRNA levels (Fig. S6) . Collectively, these results indicate that Wnt/β-catenin pathway promotes GLS1 expression.
Upon Wnt/β-catenin activation, β-catenin accumulates in the cytoplasm and then translocates to the nucleus, where it engages DNAbound TCF transcription factors and activates target genes [19] . Interestingly, many of the CSC markers (such as CD44, OCT4, SOX2 and NONOG) are direct Wnt targets [38] . SKL2001 treatment increased the expression of CSC markers and other Wnt target genes (such as CCND1, BIRC5, BCL2, and AXIN2) in HCCLM3 cells (Fig. S7b) . We sought to examine whether GLS1 regulates stemness properties through the Wnt/β-catenin pathway. 968 treatment decreased the mRNA expression of β-catenin and Wnt target genes (Fig. 6k) . In addition, Withdrawal of glutamine or targeting GLS1 with 968 or BPTES reduced the total protein levels of β-catenin (Fig. S7c) . Further, we separated the nuclear and cytoplasmic protein. Targeting GLS1 reduced both the cytoplasmic and nuclear β-catenin. SKL2001 increased the cytosolic and nuclear β-catenin, which could be partly abrogated by GLS1 inhibitors or glutamine withdrawal (Fig. 6l, Fig. S7d-e) . Similarly, GLS1 knockout decreased the nuclear β-catenin and reduced the agonist effect of SKL2001 to Wnt/β-catenin pathway (Fig. 6m) . To validate this results, we performed immunofluorescence assay. While SKL2001 treatment increased the expression of β-catenin, both glutamine withdrawal and GLS1 inhibitors reduced the expression of cytosolic and nuclear β-catenin (Fig. S8) . Taken together, these results suggested that GLS1 regulates stemness properties in HCC via ROS/Wnt/β-catenin signaling.
Targeting GLS1 inhibits tumorigenicity in vivo
We then explored the effects of GLS1 on tumorigenicity potential in vivo. HCCLM3 and SMMC-7721 cells stably overexpressing the control plasmid (WT) or CRISPR/Cas9 vector targeting GLS1 (GLS1 KO) were injected into the right and left flanks of nude mice, respectively. We observed a slower tumor growth in the GLS1 KO group. The mice injected with GLS1 KO cell lines exhibited a significantly smaller tumor size than those injected with control cells both in HCCLM3 cells (Fig. 7a-c) and SMMC-7721 cells (Fig. 7d-f) . The knockout efficiency of GLS1 was validated by Western blot in SMMC-7721 cells (Fig. 7g) . We further reduced the SMMC-7721 cells number injected subcutaneously into nude mice. GLS1 knockout decreased the tumor-initiating capacity in vivo compared with the control cells (Fig. 7h) . These observations proved that targeting GLS1 could inhibit tumorigenicity in vivo.
In summary, we present evidence that GLS1 plays a significant role in maintaining the stemness of HCC by ROS/Wnt/β-catenin signaling pathway, and targeting GLS1 attenuates stemness properties in HCC in vitro and in vivo, which indicated that GLS1 might be a therapeutic target to eliminate CSCs (Fig. 7i) .
Discussion
Liver cancer is a highly lethal disease that typically has a poor prognosis. Liver CSCs are considered to be responsible for liver cancer initiation, metastasis, relapse, and chemoresistance. In the current study, by means of a series of bioinformatics analyses and functional assays, we unraveled the regulatory role of GLS1 in stemness phenotype of HCC. We delineated that GLS1 mediates HCC stemness through Wnt/β-catenin signaling and that GLS1 serves as a therapeutic target for suppressing CSC properties.
GLS1 consists of two isoforms named KGA and GAC. Although KGA and GAC share the same active site, they have different catalytic capabilities with KGA being less catalytically active. KGA was found in the cytosol but not in the mitochondria, as opposed to GAC. KGA contained three ankyrin repeats in its distinct C-terminus which exclusively functioned to mediate protein-protein interactions [32, 39] . These studies indicate KGA may participate in transcription regulation in a non-enzymatic manner. Although it is now well established that GAC is much catalytically active than KGA, the functional difference between KGA and GAC has remained unclear. GAC is reported to be the predominant GLS1 splice variant in lung cancer [40] , breast cancer [10] , AML [41] , colon cancer [31] and gastroenteropancreatic neuroendocrine neoplasms/tumors (GEP-NET) [42] . Higher GAC/KGA ratio bespeaks the fast proliferative phenotype in GEP-NET [42] , and high GAC expression combined with low KGA expression had shorter overall survival in colon cancer [31] . Moreover, only the GAC-specific siRNA was able to elicit apoptosis, while the KGA-specific siRNA had no effect in HeLa cells [43] . Together, these studies indicated the more important role of GAC isoform in tumors, and drug-based therapies specifically targeting GAC seem more likely to succeed. Consistent with these findings, we observed GAC is the predominant isoform in HCC cell lines, and is associated with the prognosis and stemness phenotype of HCC patients. Nevertheless, we also noticed the content of KGA is the same or even more as GAC in HCC tissues (Fig. 1b, Fig. S1a) , which suggested the relative content of KGA and GAC might be different in vivo and in vitro. Overall, the difference of the biological function between KGA and GAC is still not yet fully understood. Recently, Pascoal et al. investigated the origin and evolution of human glutaminases from a new genetic evolutionary perspective, and proposed that GAC possibly evolved from the parental KGA to create a more active enzyme, because the lack of ankyrin repeats enhances the catalytic efficiency of KGA [44] , which might deepen our understanding of functional diversity of GLS1 isoforms.
The acquisition and maintenance of stemness are increasingly recognized as a metabolism-dependent process [45] . Thus, the metabolic features of CSCs represent a promising target for elimination of CSCs. Over (i) Schematic model illustrating the effect of GLS1 on Wnt/β-catenin signaling and stemness in HCC. Targeting GLS1 triggers an increase of ROS, attenuates nuclear translocation of β-catenin and subsequent inhibits the β-catenin target genes, leading to the suppression of CSC properties in HCC. Abbreviations: Gln, Glutamine; GSH, Glutathione; Glu, Glutamate; Cys, Cysteine; Gly, Glycine; ROS, Reactive oxygen species; TCF/LEF, T-cell factor/lymphoid enhancer factor.
the past years, the metabolic phenotype of CSCs has been extensively investigated. CSCs have been described as primarily glycolytic or preferentially relying on OXPHOS in a tumor type-dependent manner. However, there is so far no consensus on this [22, 46] . Glycolysis was shown to be the preferred metabolic pattern of liver CSC, and stem cell marker NANOG represses OXPHOS and mitochondrial ROS in liver CSCs [47] . In our study, we identified that glutamine depletion or targeting GLS1 suppressed CSC traits in HCC, which seemed to be inconsistent with the metabolic phenotype of HCC characterized by low mitochondrial respiration and high glycolytic activity. This inconsistency may be due to glutamine also plays a vital role in clearing ROS besides in satisfying bioenergetic demands and macromolecular synthesis. Low amounts of ROS are needed to maintain quiescence and the selfrenewal potential of CSCs. Consistent with the antioxidant stress role of glutamine metabolism, we found NAC rather than DM-α-KG could restore the colony formation ability of HCCLM3 cells under the glutamine deprivation or 968 treatment condition (Fig. 6e) . Thus, our study emphasizes the important role of glutamine in counteracting ROS and maintaining redox homeostasis in liver CSCs and that redox balance is a key function of GLS1 in liver CSCs.
In our experiments, we observed both KGA and GAC isoforms are exclusively expressed in the mitochondria matrix. Targeting GLS1 has a similar effect as glutamine deprivation on stemness phenotype, which indicated that GLS1 is less likely to participate in transcription regulation by physically interacting with other proteins but through its metabolic products to regulate stemness. In the circumstances, we performed metabolomics analysis seek to determine the metabolites that link GLS1 and stemness. Most differential expressed products are nucleic acid metabolism-related metabolites, suggesting impairment of DNA synthesis. The NAC only had a slight rescue effect. A possible explanation for this might be that glutamine is an important precursor for nucleic acid synthesis, which could not be replaced by ROS scavenger. We failed to found a novel metabolite that associated with stemness from the metabolomics results possibly limited by the quality of mass spectrometry. Similarly, Han et al. revealed inhibition of GLS1 caused an accumulation of NAD + in their mass spectrometric analysis, suggesting an increase of oxidative stress in the condition of GLS1 repression [48] . In addition, previous studies have described glutamine withdrawal or targeting GLS1 is associated with an increase of ROS levels [49] [50] [51] [52] [53] . We validated that glutamine depletion or repressing GLS1 caused an accumulation of ROS, which sequentially suppressed the translocation of β-catenin to the nucleus. This finding is consistent with a study that ROS decreases the amount of nuclear β-catenin [54] . The linkage between glutamine metabolism and Wnt/β-catenin pathway has already established in the liver. Three genes involved in glutamine metabolism encoding glutamine synthetase (GS), ornithine aminotransferase, and the glutamate transporter-1 are all targets of Wnt/β-catenin signaling [55, 56] . It has been reported that Wnt3a induced GLS1 expression in a β-catenin-dependent manner in breast cancer cell lines [57] . In this study, we found that GLS1 is regulated by, and regulates Wnt/β-catenin pathway. To the best of our knowledge, the present investigation has demonstrated, for the first time, that GLS1 regulates β-catenin and that glutamine metabolism is essential for the activation of the Wnt/β-catenin pathway. Thus, our findings here contribute to expanding our understanding of the role of Wnt/β-catenin in glutamine metabolism and hepatocarcinogenesis.
GLS1 inhibitors are already ongoing in clinical trials, which might limit the novelty of applicable outcome of our findings. However, this study has provided evidence that targeting GLS1 attenuates stemness properties in HCC by increasing ROS and suppressing Wnt/β-catenin pathway and that GLS1 served as a therapeutic target for elimination of CSCs. We think this study might not only facilitate us to understand the antitumor mechanism of GLS1 inhibitors and but also provide an experimental basis for the expansion of clinical indications of GLS1 inhibitors to improve the clinical management of HCC.
